Background. Activating transcription factor-3 (ATF3) is known as a suppressor of cytokine production after exposure to lipopolysaccharide or during gram-negative bacterial infection. However, the mechanism by which ATF3 regulates innate immunity against gram-positive bacterial infection, particularly Streptococcus pneumoniae, remains unknown.
Activating transcription factor-3 (ATF3), a stressinducible eukaryotic gene, is a member of the ATF/ CREB (cAMP-response element-binding) family of bZip transcription factors that bind to consensus cAMP-response element (CRE) sequences of target genes [1] . ATF3 is induced by lipopolysaccharide (LPS) [2] , reactive oxygen species (ROS) [3] , Toll-like receptor (TLR) agonists [4] , gram-negative bacteria [5] , and virus infections [2] . ATF3 binds to the promoters of cytokine genes, resulting in inhibition of cytokine production and thereby protecting the host cell from LPS-induced endotoxic shock [2] . Therefore, LPSinduced ATF3 competes with the nuclear factor NF-κB for binding to the promoter region of cytokine genes [2] , and once induced, ATF3 negative feedback regulates production of TLR-mediated cytokines [4] . ATF3 upregulation also represses interleukin (IL)-6 expression during Neisseria gonorrhoeae infection [5] . Collectively, these findings indicate that ATF3 acts as a negative regulator of cytokine production during gram-negative bacterial infection. However, the role of ATF3 in regulating the innate immune response to gram-positive bacterial infection remains unknown.
In severe cases, bacterial infections cause overwhelming sepsis and septic shock due to excessive or dysregulated release of inflammatory mediators such as tumor necrosis factor (TNF)-α, IL-1β, and IL-6 [6] [7] [8] . In both gram-negative and gram-positive bacterial sepsis patients, the TNF-α level has been found to be significantly elevated [8] . A systematic review of 143 articles of preclinical studies showed that neutralization of TNF-α was beneficial in endotoxemia, or sepsis with gram-negative bacterial infections. In contrast, neutralization of TNF-α was detrimental in grampositive bacterial infections such as those of Streptococcus pneumoniae, Listeria, and Mycobacterium tuberculosis. Neutralization of TNF-α followed by attenuation of inflammation was usually accompanied by impaired antimicrobial defenses [9] . In addition, TLR2 and TLR4 induction patterns observed in heat-killed bacteria showed significant difference between gram-positive and gram-negative infections [10] . Consistently, gram-negative and gram-positive bacterial infections showed significantly different host immune responses [11] [12] [13] [14] . The underlying mechanisms of host responses to gram-negative and gram-positive bacteria and the pathophysiology of sepsis involving these pathogens are not well understood.
S. pneumoniae ( pneumococcus) is the leading cause of community-acquired pneumonia, which is an important disease with some of the highest rates of morbidity and mortality in the United States [15] . However, interactions between this gram-positive pathogen and its host have not been fully investigated. In this study, we demonstrate that S. pneumoniae infection upregulates ATF3 expression in vitro and in vivo. Moreover, during S. pneumoniae infection, ATF3 stimulates production of cytokines such as TNF-α, IL-1β, and interferon (IFN)-γ. These cytokines are vital in a host's immune response against pneumococcus infection [16] [17] [18] ; hence, ATF3-knockout (KO) mice are more susceptible to S. pneumoniae infection than are wild-type (WT).
MATERIALS AND METHODS

Animals
C57BL/6J mice (4-to 5-week-old) were purchased from Orient Bio Inc (Seoul, Korea). ATF3-KO mice were kindly provided by Dr Tsonwin Hai (Ohio State University, Columbus, OH). Genotyping was performed by polymerase chain reaction (PCR) as described previously [19] . Mice were given access to food and water ad libitum. All experiments conformed to the animal care guidelines of the Korean Academy of Medical Sciences, and all efforts were made in order to minimize their suffering. Experimental procedures were approved and monitored by the ethical committee of SungKyunKwan University.
Bacterial Strains and Cell Cultures
Encapsulated type 2 strain D39 S. pneumoniae (NCTC7466) and its isogenic pneumolysin-deficient mutant (PLY-N; kindly provided by Dr D. E. Briles, University of Alabama at Birmingham [20] ) were cultured in Todd-Hewitt broth as described previously [20, 21] . The A549 (ATCC CCL-185) human lung epithelial carcinoma, HEp2 human larynx carcinoma (ATCC CCL-23), and Raw264.7 murine macrophages were obtained from the American Type Culture Collection. Peritoneal macrophages were isolated from mice. The cells were maintained at 37°C in a humidified incubator at 95% air-5% carbon dioxide, grown in Dulbecco's Modified Eagle's Medium (GE Healthcare) supplemented with 10% fetal bovine serum (Bioscience) and 1 × penicillin/streptomycin (PAA Laboratories GmbH) [22] .
Western Blotting
Antibodies against ATF3 (sc-188), TLR-4 (sc-293072), TNF-α (sc-52746), glyceraldehyde 3-phosphate dehydrogenase (sc-51907), and β-actin (sc-81178) for whole and cytosolic lysates and lamin-A (sc-20680) for nucleus fractions were purchased from Santa Cruz Biotechnologies. Cell fractionation was performed as described previously [23] . Protein samples were prepared using DC protein assay (Bio-Rad). Protein samples (50 µg each) were separated on a 7%-15% (wt/vol) polyacrylamide gel (SDS-PAGE) and transferred onto polyvinylidene difluoride membranes (Millipore). The membranes were blocked with 10% skim milk for 2 hours at room temperature, incubated at 4°C with primary antibodies overnight, and then incubated with an appropriate dilution of secondary antibody: horseradish peroxidase-conjugated rabbit antimouse immunoglobin G (IgG; Promega), or antirabbit IgG (whole molecule) peroxidase conjugate developed in goat. Finally, membranes were washed 10 minutes (3 times), and target bands were visualized using WEST-ZOL Plus (iNtRON). ImageJ 2.1.4.6 software (Wayne Rasband, National Institutes of Health, Bethesda, MD) was used to semiquantitate the Western blot data.
Confocal Microscopy
The Raw264.7 cells (5 × 10 5 ) were infected with pneumococci for 1, 2, and 4 hours. After the infection time, 4% (vol/vol) formaldehyde/phosphate buffered saline (PBS) was used to fix the cells for 15 minutes. The cells were permeabilized with 1% (vol/vol) Triton X-100/PBS for 5 minutes and blocked in 1% bovine serum albumin/PBS overnight at 4°C. After the blocking step, primary antibody (anti-ATF3) was added and incubated for 1 hour. Finally, the second antibody or 4',6-diamidino-2-phenylindole (for staining nucleus) was added and incubated for 1 hour. The samples were visualized under confocal microscopy (Carl Zeiss LSM 510 Meta DuoScan, Carl Ziess Micro Imaging GmbH, Germany).
Chromatin Immunoprecipitation Assay
After stimulation, Raw264.7 cells were fixed in formaldehyde 1% (vol/vol) and chromatin immunoprecipitation (ChIP) assay was performed as described previously [2] . The ATF3 antibody was used for immunoprecipitation and the purified DNA was examined by PCR using primers specific for the Tnf-α, Il-1β, Ifn-γ, and Il-6 promoters ( Table 1 ). The PCR products were detected on a Gelred-stained gel.
Cytokine Enzyme-Linked Immunosorbent Assay
The Raw264.7 cells were infected with pneumococci for the indicated times. After the incubation time, the supernatants were collected and used for TNF-α, IL-1β, IL-6, and IFN-γ enzyme-linked immunosorbent assays (BD Biosciences) as per the manufacturer's instructions.
Survival Rates, Body Weight Changes, and Intranasal Colonization Model
Groups of 10-15 WT and ATF3-KO mice were infected with 10 µL of S. pneumoniae D39 at 1.5 × 10 7 or 1.5 × 10 8 colony-forming units (CFUs)/mouse via the intranasal or intraperitoneal route. After infection, survival of mice was monitored daily. The body weight of the mice was measured every 24 hours for 15 days. For intranasal colonization, the mice were infected with S. pneumoniae D39 at 1.5 × 10 7 CFUs/mouse via the intranasal route. After infection times, blood and the other organs were collected for homogenization, serial dilution, and then plating on blood agar.
Statistical Analysis
Statistical differences between the groups were analyzed by Mann-Whitney rank sum test or 1-way analysis of variance (Holm-Sidak method). The survival rates were analyzed by log-rank test. All results are representative of 3 independent experiments. Statistically significant differences were considered as P < .05 (*P < .05, **P < .01, ***P < .001).
RESULTS
ATF3 is Upregulated by S. pneumoniae Infection In Vitro and In Vivo
Microarray analysis on gene expression responsible for protection of mice lung from pneumococcal infection by α-galactosylceramide administration revealed that a large number of genes including ATF3 were significantly upregulated [18] , suggesting that ATF3 might play a role in host protection against pneumococcal infection. To confirm ATF3 induction by S. pneumoniae infection, ATF3 expression in various cell lines in vitro and in vivo was determined by Western blot. Consistently, expression of ATF3 was upregulated in Raw264.7 mouse peritoneal macrophage cells, A549 lung cells, and HEp2 larynx cells ( Figure 1A ). In vivo experiments indicated that ATF3 expression was significantly induced at 24 and 48 hours postinfection in peritoneal macrophages, lung, brain, and spleen ( Figure 1A ). Furthermore, ATF3 induction was found to be time-and dose-dependent (Supplementary Figure 1) . Next, the ATF3 level in the nucleus was determined after pneumococcal infection. The immunostaining data showed that ATF3 translocated from the cytosol to the nucleus (about 35% of nucleus-ATF3-positive cells) 1 hours postinfection (Figure 1B and 1C) . After infection, ATF3-positive cell numbers increased continuously until almost all cells became positive by 4 hours postinfection ( Figure 1B and 1C ). Consistently, the ATF3 level was found to be increased significantly in cytosol at 1 hours postinfection, and was detected in the nucleus at 2 hours postinfection ( Figure 1D ), suggesting that S. pneumoniae infection stimulates ATF3 to translocate to the nucleus.
ATF3 Positively Regulates TNF-α Production
To determine whether ATF3 modulates production of TNF-α during infection, Raw264.7 cells were transfected with small interfering RNA ATF3 (siATF3) and infected with pneumococci followed by TNF-α determination by Western blot. Surprisingly, pneumococcus infection increased TNF-α expression significantly. However, siATF3 transfection inhibited TNF-α expression (Figure 2A and 2C) , suggesting that ATF3 regulates TNF-α production positively, in contrast to previous reports [2, 5] . This finding prompted us to confirm our results using peritoneal macrophages isolated from mice. When peritoneal macrophages isolated from WT and ATF3-KO mice were infected with pneumococci, both ATF3 and TNF-α were induced in the WT macrophages, whereas the TNF-α level in ATF3-KO mice was significantly impaired ( Figure 2B and 2D), indicating that ATF3 regulates TNF-α production positively during pneumococcal infection. However, ATF3 suppressed production of LPS-induced TNF-α and negatively regulated TLR signals (Supplementary Figure 2A and 2B), consistent with findings of a previous report [2] .
Because TLR activation triggers cytokine production and promotes the innate immune system [24] , TLR expression was examined after infection. An in vitro study showed that TLR4 expression was not induced by pneumococcus infection or siATF3 transfection (Figure 2A ). Although pneumococcal infection did not induce TLR4 significantly in both WT and ATF3-KO mice, TLR4 levels in WT mice were significantly higher than those in the ATF3-KO mice ( Figure 2B ).
Pneumolysin Induces ATF3 Upon Pneumococcal Infection
Pneumolysin (PLY), a potent pneumococcal virulence factor, is released during pneumococcus infection and modulates cytokine production in the host cells [25, 26] . Moreover, the interaction of PLY with TLR4 enhances production of cytokines (TNF-α and IL-6) [25] . Therefore, during pneumococcal infection, released PLY may interact with TLR4, resulting in upregulation of ATF3. To check this hypothesis, Raw264.7 cells were infected with WT pneumococci or PLY-mutant pneumococci, and ATF3 induction was determined. Interestingly, ATF3 was induced by WT infection at 1, 2, and 4 hours postinfection but not by infection with the PLY mutant ( Figure 3A ). To confirm this finding, purified PLY was added to the Raw264.7 cells and the ATF3 level was determined. Consistently, ATF3 was induced by the addition of PLY in dose-( Figure 3B ) and time-dependent manners ( Figure 3C ), indicating that induction of ATF3 is PLY-dependent. To exclude a possibility that the observed effects might be due to contaminated LPS in the purified PLY protein, the proteins were heat-inactivated by boiling for 30 minutes. The results showed that only purified PLY induced ATF3, while the other proteins, such as purified VncR, ClpL, and heat-inactivated PLY, did not (Supplementary Figure 3) . Moreover, PLY stimulated ATF3 to translocate from the cytosol to the nucleus ( Figure 3D-F ) . Figure 1 . ATF3 is induced in vitro and in vivo by S. pneumoniae infection. A, ATF3 expression in Raw264.7, A549, and HEp2 cells and mouse peritoneal macrophages infected with S. pneumoniae (MOI = 100) for 0, 1, 2, and 4 hours. In addition, mice (n = 5) were infected intranasally with S. pneumoniae (1 × 10 7 CFUs/mice) or intraperitoneally (1 × 10 4 CFUs/mice, for peritoneal macrophage isolation) for 24 and 48 hours. Subsequently, lung, brain, spleen, and peritoneal macrophages were isolated for analysis by Western blot. B, The Raw264.7 cells were infected with S. pneumoniae (MOI = 100) for 0, 1, 2, and 4 hours, and the cells were stained with anti-ATF3-FITC antibody and Hoechst dye and visualized under a confocal microscope. The arrows indicate cell with ATF3 in nucleus. C, The number of ATF3-positive cells was measured by counting several view fields per coverslip. D, ATF3 expressed in the cytosol and nucleus. The data are representative of 3 or 4 independent experiments (A-C) or 2 independent experiments (D), and analyzed by ANOVA (C). Data show mean ± SD. *P < .05, ***P < .001. Abbreviations: ATF3, activating transcription factor-3; CFUs, colony-forming units; Ctrl, control; FITC, fluorescein isothiocyanate; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; MOI, multiplicity of infection.
Because PLY could trigger the secretion of cytokines such as TNF-α and IL-6 [25, 26] , PLY might stimulate TNF-α secretion via ATF3 upregulation. To check this possibility, purified His-PLY was added to mouse peritoneal macrophages isolated from either WT or ATF3-KO mice, and TLR, cytokine, and ATF3 levels were determined. At 2 and 3 hours postincubation in the WT peritoneal macrophages, PLY significantly induced TNF-α and ATF3 ( Figure 3G ). In contrast, in ATF3-KO macrophages, the TNF-α level was markedly diminished ( Figure 3G and 3H), indicating that PLY-induced ATF3 is required for TNF-α induction.
ATF3 Enhances Cytokine Secretion
Because ATF3 regulates TNF-α and other cytokines, such as IL-1β, IL-6, and IFN-γ [2, 5, 27], we further analyzed whether pneumococcus-induced ATF3 could positively regulate IL-1β, IL-6, and IFN-γ in addition to TNF-α ( Figure 4A ). Consistent with our other findings, WT macrophages released 2-to 4-fold higher levels of IL-1β and IFN-γ than the ATF3-KO macrophages ( Figure 4B and 4C) . However, there was no difference in IL-6 levels between WT and the ATF3-KO macrophages (Figure 4D) , indicating that ATF3 differentially regulates these cytokines when S. pneumoniae infects the cells.
To explain this differential regulation by ATF3, binding of ATF3 to the cytokine promoter was examined by ChIP assay. The results showed that ATF3 bound to promoters of Il-1β, Tnf-α, and Ifn-γ at 1 hours postinfection, whereas ATF3 started to bind to the Il-6 promoter at 2 hours postinfection and reached a plateau at 4 hours postinfection ( Figure 4E ), indicating that ATF3 has different binding kinetics for these cytokine Figure 2 . ATF3 modulates induction of TNF-α by pneumococcal infection. A, Raw264.7 cells were transfected with siATF3 (40 nM) or siRNA control (siCO) for 24 hours and (B) WT and ATF3-KO mice-derived peritoneal macrophages were infected with S. pneumoniae for 0, 1, 2, and 4 hours. Subsequently, the cell lysates were subjected to Western blotting. C and D, The cell supernatants from (A) and (B) were used to measure TNF-α release by TNF-α ELISA. The data are representative of 3 independent experiments (A-D), and analyzed by ANOVA (A-D). Data show mean ± SD. *P < .05, **P < .01, ***P < .001. Abbreviations: ATF3, activating transcription factor-3; ELISA, enzyme-linked immunosorbent assay; KO, knockout; siATF3, small interfering RNA ATF3; siRNA, short interfering RNA; TNF-α, tumor necrosis factor-α; TRL4, Toll-like receptor 4; WT, wild-type.
promoters. Although IL-6 was significantly induced at 4 hours postinfection ( Figure 4E ), the level of IL-6 is not significantly different between WT and ATF3-KO macrophages ( Figure 4D ). Thus, ATF3 would not be a key regulator for IL-6 production upon pneumococcal infection. ATF3 could heterodimerize with ATF2, c-Jun, JunB, and JunD [1] . These herterodimers can activate or repress gene expression depending on the promoter context [1] . Previous study shows that LPS-induced ATF3 interacts with histone deacetylase, which causes to inhibit transcription of Il6 and Il12b via chomatin modeling [2] . Because our data showed that ATF3 increased cytokine expression during S. pneumoniae infection, we hypothesized that ATF3 could interact with c-Jun or other transcription factors, which lead to increased gene expression. Further studies are needed to characterize the mechanism by which ATF3 increases cytokine production during S. pneumoniae infection. Taken together, our data suggest that ATF3 binds to promoters of Il-1β, Tnf-α, and Ifn-γ and enhances the production of these cytokines as a positive regulator during pneumococcal infection.
ATF3-Deficient Mice are More Susceptible to Pneumococcal Infection
Because the cytokines TNF-α, IL-1β, and IFN-γ provide protection from pneumococcal infection [16] [17] [18] , we examined the colonization levels in WT and KO mice. The results revealed that the ATF3-KO mice had greater bacterial loads in the nasopharynx than did the WT mice at 24 hours postinfection. Consistent with this finding, we also observed that at 48 hours postinfection, the WT mice showed almost no colonies, while Figure 3 . PLY is required for TNF-α production via upregulation of ATF3 during pneumococcal infection. A, Raw264.7 cells were infected with S. pneumoniae or PLY mutant for 0, 1, 2, and 4 hours. Moreover, the cells were incubated with PLY to observe its effects in a dose-dependent (B) and time-dependent (C) manner. Subsequently, proteins were isolated and subjected to Western blot analysis. D, The Raw264.7 cells were seeded on coverslips in 6-well plates and were incubated with purified PLY protein (500 ng/mL) for 0, 1, 2, and 3 hours. After the incubation time, the cells were stained with anti-ATF3-FITC antibody and Hoechst dye for nucleus staining. Finally, the cells were visualized under a confocal microscope. The arrows indicate cell with ATF3 in nucleus. E, The numbers of ATF3-positive cells in (D) were measured by counting several fields of view per coverslip. F, The PLY-incubated cells were fractionated to separate cytosol and nucleus to determine the localization of ATF3. G, WT and ATF3-KO mice-derived peritoneal macrophages were incubated with purified PLY protein (500 ng/mL) for 0, 1, 2, and 3 hours. Subsequently, proteins were subjected to Western blot analysis. H, The cell supernatant from (G) was used to measure TNF-α release by TNF-α ELISA. The data are representative of 3 independent experiments (A-H), and significances analyzed by ANOVA (A-H). Data show mean ± SD. *P < .05, **P < .01, ***P < .001. Abbreviations: ANOVA, analysis of variance; ATF3, activating transcription factor-3; ELISA, enzymelinked immunosorbent assay; FITC, fluorescein isothiocyanate; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; KO, knockout; PLY, pneumolysin; TNF-α, tumor necrosis factor-α; TRL4, Toll-like receptor 4; WT, wild-type.
ATF3-KO mice had significantly higher numbers of bacteria in the lung and spleen than did the WT mice ( Figure 5A ), indicating that WT mice cleared bacteria more effectively than the ATF3-KO mice during pneumococcal infection. To corroborate the ability of ATF3 to stimulate cytokines and bacterial clearance, mice were infected with pneumococci and survival rates were determined. In agreement with our other findings, the WT mice had better survival rates than the KO mice (90% > 45%, P = .041 in female and 80% > 40%, P = .0138 in male) after infection with 1.5 × 10 7 CFUs/mouse ( Figure 5B and 5D). Moreover, the average body weight of the WT mice was significantly higher than that of the KO mice after infection ( Figure 5C and 5E ). With a high-dose infection (1.5 × 10 8
CFUs/mice), the WT mice again showed a greater survival rate than the KO mice (70% > 35%, P = .0393 in male, Figure 5F and 5H), and WT mice gained more body weight than the KO mice ( Figure 5G and 5I) . Moreover, when mice were infected intraperitoneally with S. pneumoniae (1.5 × 10 4 CFUs/mice) and colonization and survival rates were examined, colonization levels in the WT mice were significantly decreased than those of the KO mice at 12 and 24 hours postinfection ( Figure 6A ).
Consistently, survival rate of the WT mice was significantly higher than that of the KO mice ( Figure 6B ). Taken together, these results demonstrate that ATF3 provides resistance to pneumococcal infection.
DISCUSSION
Recent reports have indicated that ATF3 acts as a negative regulator of cytokine secretion [2, 4, 5] . In contrast, ATF3 has also been reported to induce vascular IL-8 production and inflammation after treatment with triglyceride-rich lipoprotein lipolysis products [28] , increase production of IFN-γ in IL-4-stimulated CD4 + T cells [29] , and also induce TNF-α in mouse embryonic fibroblasts after treatment with Kdo2-lipid A [30] . Thus, the role of ATF3 in cytokine regulation or innate immunity is not completely resolved. Here, we demonstrated for the first time that ATF3 is induced by pneumococcal infection in vitro and in vivo, and we also showed a direct relationship between ATF3 and cytokines in S. pneumoniae infections. Furthermore, in pneumococcal infection, we observed that ATF3 induction was mediated by PLY. It has also been shown 4 CFUs of S. pneumoniae D39 serotype 2 via the intraperitoneal route. The organs were collected and homogenized for counting the bacteria. B, The survival rates of challenged mice were monitored for 48 hours. Significant differences were analyzed by the Mann-Whitney rank sum test (A) or a log-rank test (B). *P < .05, **P < .01, ***P < .001. Abbreviations: ATF3, activating transcription factor-3; CFUs, colony-forming units; KO, knockout; WT, wild-type.
that S. pneumoniae-induced ATF3 stimulates production of proinflammatory cytokines (TNF-α, IL-1β, IFN-γ) , which are required for host defense against pneumococcal infection [16] [17] [18] . Therefore, WT mice cleared bacteria more effectively than ATF3-KO mice. These findings could shed light on a basis for development of chemotherapeutic agents useful for prevention or treatment of pneumococcal diseases by an intervening interaction of pneumococci with the host immune system, thus resulting in modulation of ATF3 expression.
Contrary to some previous reports [2, 4, 5] , we found that ATF3 was required for induction of cytokines (TNF-α, IL-1β, and IFN-γ: Figure 4A-C) . However, ATF3 was not involved in regulation of IL-6 production ( Figure 4D ) although it binds to the Il-6 promoter ( Figure 4E ). Consistent with this observation, ATF3 induced by triglyceride-rich lipoprotein lipolysis products increased expression of IL-1α and IL-8 but not that of IL-6 in human aortic endothelial cells [28] . Because plasma IL-6 levels were correlated with mortality from septic shock [31] but TNF-α levels were not [32] , and IL-6 can act in both proinflammatory and anti-inflammatory ways [33] , the function of ATF3 seems to depend on the transcription factor with which it interacts. For example, LPS stimulation caused ATF3 to interact with NF-κB to inhibit IL-6 and IL-12b production in macrophages [2] . However, IL-12 and IL-4 stimulation caused ATF3 to heterodimerize with Jun, and bind the Ifn-γ promoter, thus enhancing IFN-γ expression [29] . The ATF3/Jun heterodimer increased levels of IL-1α and IL-8 but not IL-6 when endothelial cells were stimulated with triglyceride lipoprotein lipolysis products [28] . Therefore, exploration of the ATF3 interactome should be further analyzed to understand the mechanisms by which ATF3 regulates cytokine production and innate immunity during pneumococcal infection.
Taken together, ATF3 acts as a positive regulator for innate immunity in gram-positive pneumococcal infection, and protects the host from pneumococcal infection. PLY-induced ATF3 contributes to the host's immunity against S. pneumoniae infection. Our findings represent a seminal advancement in the understanding of the interactions between host and gram-positive pathogens.
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